Terahertz (THz; 10 12 Hz) waves have a frequency from 0.1 to 10 THz between the visible light and microwave domains. THz waves are expected to be useful for analysis of the histological features, without any staining procedure that is an indispensable prerequisite for optical microscopy. It has been demonstrated that THz transmittances at cancer and normal tissues are different. However, spectroscopy that is currently used is applicable for imaging only small areas at fixed-wavelength. In this study, we have developed a spectrometer employing a gallium phosphide (GaP) THz-generator and applied it to examine large areas of tissue specimens using a wide range of wavelengths. We thus examined the whole areas of two paraffin sections (metastatic liver cancer and acute myocardial infarction) in a frequency range of 1 to 6 THz, and compared the THz images of ordinary paraffin sections with the histological features detected by microscopy. THz imaging showed striking contrasts between cancerous and non-cancerous regions at 3.7 THz. Likewise, the precise imaging was achieved in the infarct myocardium at 3.6 THz. Images of THz transmittances in optimal wavelength were well matched with HE histological features both in cancer and myocardial tissues. Cancer regions showed higher transmittance than non-cancerous regions in liver. Old scar regions showed low transmittance, and necrotic regions showed relatively higher transmittance than normal myocardial areas. Thus, THz imaging precisely reflects tissue conditions such as tumor, non-tumor tissues, tissue degeneration and fibrosis. The newly established THz spectroscopy would be useful for pathological diagnosis of routinely processed specimens.
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Keywords: terahertz wave; terahertz spectroscopy; histopathological imaging; metastatic liver cancer; myocardial infarction Tohoku J. Exp. Med., 2011, 223 (4), 291-296. © 2011 Tohoku University Medical Press Terahertz (THz; 10 12 Hz) waves are located roughly between the visible light and microwave domains and have a frequency of around 10 12 Hz. THz wavelength ranges from 3 mm to 30 μm (Arnone et al. 1999; Ferguson and Zhang 2002; Nishizawa 2005) (Fig. 1) . Nishizawa (1963) began working on THz wave generation based on lattice or molecular vibrations. Raman laser oscillation was realized using gallium phosphide (GaP). Subsequently, excitation of the phonon-polariton mode in GaP was extended to lithium niobate (LiNbO 3 ) (Nishizawa 1963; Nishizawa and Suto 1980; Suto and Nishizawa 1983; Kawase et al. 2001) . The following distinguishing characteristics of THz waves should be noted: a) permeability through objects (similar to electromagnetic waves) and ease of extraction using a lens or a mirror (as with ordinary light waves), b) shorter wavelengths than electromagnetic waves and ability to obtain sufficient space resolution imaging, and c) the existence of inherent absorption spectra in THz frequency range, which enables detection and discrimination of various molecules by analysis of their responses (Ferguson and Zhang 2002; Nishizawa et al. 2003; Nishizawa 2005) . Moreover, in contrast to X-rays, THz waves are expected to be a safe source of light for non-destructive tests (NDT) (Kawase et al. 2003; Nishizawa et al. 2005) .
Recently, there have been attempts to apply THz wave technology in the fields of industry, biology, agriculture and medicine. Use in imaging for histopathological diagnosis has been reported since the latter half of the 1990s. Contrast images associated with different degrees of absorption or reflection of THz waves have been obtained for normal tissues, such as muscles, fatty tissue and cartilage, as well as for cancer tissue (Arnone et al. 1999; Knobloch et al. 2002; Woodward et al. 2002a Woodward et al. , 2002b Woodward et al. , 2003 Wallace et al. 2004a; Nishizawa et al. 2005; Fitzgerald et al. 2006; Nakajima et al. 2007) .
In previous studies, THz imaging was performed using metastatic liver cancer, and showed that cancerous lesions were distinguishable from normal liver tissues (Woodward et al. 2002a; Nishizawa 2005; Nishizawa et al. 2005; Nakajima et al. 2007) ; some factors affecting the degree of THz absorption (permeability) between cancer and normal tissue have been suggested but not conclusively proven. However, the studies examined by using the former spectrometer has shown only the limited small lesions by fixed wavelength, and was not able to demonstrate the detail histological changes.
In this study, to determine histological feature in detail, we developed a new GaP THz spectroscopy, which achieved high transparency for infrared and THz waves and was changeable of the wavelength freely compared with other kinds of THz. We could obtain THz images of large areas from paraffin samples in a wide range of wavelength. Two paraffin blocks (one from metastatic liver cancer and the other acute myocardial infarction) were examined compared with macro-and microscopic findings of specimens with histological mapping to determine the factors affecting THz imaging.
Methods

Preparation of histopathological specimens
We used two kinds of tissue specimens: 1) metastatic liver cancer (primary lesion: urinary bladder, histological type; urothelial carcinoma) and 2) acute myocardial infarction (AMI). Specimens were prepared for THz imaging as follows: liver and heart specimens were obtained at autopsy (performed with consent of patients' families). Examination of all specimens was authorized by the Ethics Committee of Iwate Medical University. After excision of specimens, tissues were fixed using 10% buffered formalin, dehydrated in 100% ethanol and embedded in paraffin. The liver and heart specimens were then sliced with a rotary microslicer (MICRON HM-340E, Zeiss Group) into 160-200-μm-thick sections. These cut specimens were then placed on acrylic slides (Tsurupica, PAX, Sendai, Japan) for THz imaging. All paraffin block sections were cut to a thickness of 3 µm for hematoxylin-eosin (HE) staining to enable comparison of the THz images. HE staining was followed by the standard histopathological protocol.
THz imaging device (GaP spectrometer)
The THz imaging system used in this investigation is shown in Fig. 2 . Details of THz generation and the equipment used for THztransmittance measurements have been described elsewhere (Nishizawa et al. 2003 Suto et al. 2005 ). Briefly, THz waves were generated by difference frequency generation (DFG) in a GaP crystal. The high power, wide tunable range, and narrow line width of the generated THz waves enable high-accuracy, high-resolution spectrometry. The pump and signal beams for DFG were fed from two Cr: forsterite lasers pumped by a dual channel yttrium aluminum garnet (YAG) laser at 10 Hz pulse operation. Two infrared beams are combined at a slight angle to fulfill the phase-matching condition according to parameters determined beforehand. Generated THz waves, for which direction varied with frequency, were aligned using a pair of off-axis parabolic reflectors. Pyroelectric deuterium triglycine sulfate (DTGS) detectors operated at room temperature were used as THz-wave detectors. Sufficient high THz power enables measurements at frequencies from 0.5 to 6.3 THz. Adopting the double-beam method to reduce the pulse-to-pulse amplitude jitter of the generated THz wave, we achieved a high signal-to-noise (S/N) ratio for the measurement. The line width of the THz wave was below 500 MHz (Nishizawa et al. 2008) . For spectroscopic imaging, the THz wave frequency was kept constant and the sample was moved at a translation speed of 20 mm/s, in 0.25-mm steps, and normally for 100 × 100 dots. It takes about 30 min to obtain one THz image without average calculations at each point. The THz spectrometer and THz spectroscopic imaging system were purged with dry air to eliminate water vapor absorption.
Results
Fig . 3a shows the THz transmittance spectra of normal and diseased portions of a tissue specimen. The measurements were made in the 0.7-5.0 THz frequency region in 15-GHz steps with 32-shot averages. Generally, the transmittances of both portions decreased superlinearly with increasing frequency. The decrease in transmittance was not monotonic, but decreased at around 3.7-4 THz frequency range. Carcinomas have a higher transmittance than normal tissue, and this feature is remarkable, especially in the high-frequency region.
To obtain high contrast between normal and cancerous tissue in the THz spectroscopic images, a frequency should be selected at which a large difference in transmittance exists. In addition, transparency at a higher THz power favors measurements with a high S/N ratio. The GaP THz signal generator originally had an output power spectrum, and a greater spatial resolution can be achieved with higher frequencies because of their shorter wavelength. The frequency to use for imaging should be considered carefully based on all of these parameters.
THz transmittance images in the range of 3.7-4.0 THz amply reflected the optical images. Tissue transmittance differences were color-coded: green (highest transmittance), yellow, orange, and red (lowest). The THz image results for the liver and heart specimens were as follows: Metastatic liver cancer (primary lesion: urinary bladder)
Macroscopic findings are shown in Fig. 3a . There is a clear difference in THz transmittance between the whitish part (metastatic lesion of cancer) and the surrounding brown part (normal liver tissue). The difference of THz transmittance reached a maximum at 3.7 THz in frequency, so THz imaging was performed at this frequency. As shown in Fig. 3b , in THz imaging, the red area corresponds to the normal liver tissue, the mixed color (red, orange and yellow) area to the metastatic cancer lesion, and the green area to the space occupied by the blood vessels in the liver (i.e. neither cells nor tissue exist), respectively. Moreover, the THz image closely parallels the macroscopic and HE-stained sample findings. Histological findings of each part related to THz imaging are shown in Fig. 3b , in which the greater part of the metastatic lesion is composed of necrotic tissue as seen in histopathological findings. The area occupied by viable cancer cells is unexpectedly small.
Acute myocardial infarction (non-tumor disease)
On THz imaging of the liver specimens, areas of cancer were well distinguished from surrounding normal tissues. In the liver specimens, transmittance of THz waves was more elevated in the metastatic region than in the normal region. Moreover, even within the cancerous area, THz wave transmittance differed, probably due to the volume of necrotic tissue. In order to determine whether THz transmittance differed with cell properties or cell density, we examined the non-tumor tissue of acute myocardial infarction, and compared the images of the infarct area with the non-infarct one. THz wave transmittance shows clear differences between the brown part (non-infarct, normal myocardium) and the whitish part (infarct myocardium); the difference reached a maximum at a frequency of 3.6 THz (Fig. 4a) . The THz image and HE-stained tissue correspond well, as shown in Fig. 4b . Both normal and infarct areas of the myocardium were clearly expressed using THz imaging. Comparing each part of the THz wave with histological findings, the red area corresponds to normal myocardium with a dense arrangement of cardiac fibers, while the orange area shows degenerated myocardium with intrusion of necrotic tissue due to ischemia. In this area, the myocardial cells are atrophic and muscle arrangement is loose and accompanied by slight edema. The yellow area is consistent with necrosis, and muscle cells have been replaced by collagen fibers. The tissue density of this part is lower than normal, as is that of the degenerated myocardial areas (Fig.  4b) .
Discussion
The results of this study suggest that THz wave transmittance is an effective indicator of histological cell density, but not of cell properties, i.e. whether or not they are cancerous. In this study we obtained THz images using a GaPTHz spectrometer and compared the images with histological findings from the same tissues stained with HE. Our results are promising for the application of THz waves to the medical field, indicating both a viable methodology for specimen preparation to obtain stabilized THz images, and confirming the quality of these images in comparison with detailed histopathological findings the same specimens. Firstly, we examined the various conditions of specimens such as thickness, type of slides, quality of the paste for specimen adherence, and the suitability of obtaining images either in frozen or paraffin-embedded specimens. We also tried variable wave frequencies to determine which was best for obtaining high-quality THz images. As a result, it was revealed that the optimal conditions for obtaining good images were: cutting the specimen into 100-200 μm-thick sections from a paraffin-embedded tissue block, adhering to acrylic slides with 60°C heating, and obtaining images with a THz spectrometer at a frequency of 3.7 THz. No one paste was shown to be superior to others. If these condi- (a) Macroscopic image of the specimen. Transmittance of THz wave between brown area of specimen (normal myocardium, non-infarcted, ①) and whitish area (infra ct ed myocardium, ②) differed, reaching a maximum at a frequency of 3.6 THz.
(b) THz imaging and HE-stained tissue sample correspondence. ①: Red area of the THz wave corresponds to the normal myocardium, showing dense myocardial cells and no remarkable histological change; ②: Orange and yellow areas on THz imaging corresponded to histologically degenerated myocardium or coagulation necrosis due to ischemia; ③: Yellow area is consistent myocardial necrosis and replacement by collagen fibers. Bar: 10 μm.
tions are always followed for tissue sample preparation, THz diagnosis is possible. These results indicate that histopathological diagnosis using optical microscopy may be replaced by THz images in the future. Previous reports indicate that, especially in basal cell carcinoma, different kinds of tissues are clearly distinguishable in THz images due to THz transmittance variation (Knobloch et al. 2002; Woodward et al. 2002a Woodward et al. , 2002b Woodward et al. , 2003 Wallace et al. 2004a) . Recently, Fitzgerald et al. (2006) reported the possibility of breast cancer diagnosis using THz images with a fresh, nonfixed tissue specimen as well as a paraffin specimen. However, tissue characteristics that negatively influence THz transmittance must be determined. Therefore, the strict comparison of THz images and histological findings from portion to portion of one section is necessitated. We initially supposed that the difference in transmittance between cancer and normal tissues would result in distinctly different images. Detailed comparison, however, showed that the low transmittance area of the THz image did not always coincide with that of cancer. We investigated two types of tissue specimens, i.e., metastatic liver cancer (primary lesion: urinary bladder) and acute myocardial infarction. Comparison of the normal tissue showing relatively higher cell density with that of cancer (including necrosis and degeneration) suggested that the difference of THz transmittance reflected cell density. Moreover, in cancer lesions of the same specimen, transmittance of THz waves differed from portion to portion according to cell density or condition, such as either dominant necrobiosis or complete necrosis. These tendencies are also applicable to normal myocardial tissue, necrotic or degenerated lesions, and scar lesions in which collagen fibers are dominant. There have been several reports of a clear contrast in THz images between cancer and normal tissues (Knobloch et al. 2002; Woodward et al. 2002a Woodward et al. , 2002b Woodward et al. , 2003 . As important factors that influence the absorbance of THz waves in basal cell carcinoma (BCC), Woodward et al. described the roles of water contained in tissues and the difference of cell density between the tumor and normal regions in the skin (Woodward et al. 2002a (Woodward et al. , 2002b (Woodward et al. , 2003 . The effect of water in non-fixed fresh cancer tissue specimens has previously been examined, and no large effects of water on images were evidenced (Woodward et al. 2003; Wallace et al. 2004a) . Furthermore, tissue specimens used in the present study were all dehydrated after fixation, therefore the influence of water was completely negligible. On the other hand, in several previous reports, differences between THz images and histological findings have been discussed, especially the differences between diseased and normal tissues, but the relationship between the increase of cell/tissue density and THz transmittance has not been examined until now (Woodward et al. 2002a (Woodward et al. , 2002b (Woodward et al. , 2003 Wallace et al. 2004a; Fitzgerald et al. 2006) . In this study, high THz wave absorbance in the metastatic liver tissue specimen was probably due to increased cell/tissue density, indicating that THz wave absorbance is greater in metastatic lesions than in normal tissues. However, as shown in Fig. 3 , THz transmittance of cancer lesions was higher than that of surrounding normal tissues. Furthermore, areas of low and high THz transmittance coexisted in the same lesions, and the results of THz images revealed that the ratio of viable cancer to cells occupying all metastatic lesions is unexpectedly small. In normal tissues surrounding metastatic cancer cells, transmittance of THz waves was lower than that of cancer tissues. In the case of myocardial infarction (shown in Fig. 4) , transmittance of THz wave was lower in the normal myocardium with high density of cells than in necrosis and collagen area with low density of cells. In the present study, we successfully measured THz transmittance spectra of tissues in a wide frequency range. Detailed analysis of the spectroscopic features of each tissue is currently in progress. Our own recent study has presented evidence that transmittance of THz waves by various tissues reflects not only cell density but also tissue components or conditions. For example, blood vessels and old scar tissue exhibit low transmittance, while necrotic areas such as early-stage myocardial infarction without definite cellular decrease evidence relatively high transmittance compared with normal tissue areas.
Although THz wave generation technology has advanced or improved in recent years, THz images have yet to reach the analytical level of the optical microscope for diagnoses of cancer and/or malignancy (Fitzgerald et al. 2006) . However, THz waves can sufficiently identify molecular composition based on the vibration of the molecular framework, and are applicable to many analytical fields such as chemistry and pharmaceutics (Nishizawa et al. 2003; Taday 2004; Wallace et al. 2004b; Nishizawa 2005; Liu et al. 2007; Zeitler et al. 2007 ).
In the future, histological diagnosis using THz images will come true and reveal the alteration, which cannot be appreciated by optical microscopy, without any specific staining.
